Although the effects of the interleukin 13 (IL-13) on goblet cell (GC) hyperplasia have been studied in the gut and respiratory tracts, its effect on regulating conjunctival GC has not been explored. The purpose of this study was to determine the major IL-13-producing cell type and the role of IL-13 in GC homeostasis in normal murine conjunctiva.
INTRODUCTION
The conjunctiva covers the greatest proportion of the ocular surface area. It functions to maintain comfort and to support and protect the cornea through its tear-producing and mucosal immune functions. Goblet cells (GCs) are simple columnar secretory epithelial cells that secrete gel-forming mucins, such as MUC5AC, onto the ocular surface to form the mucous component of the tear film. The protein cores of mucins are synthesized in the rough endoplasmic reticulum and then transported to the Golgi apparatus. To date, over 15 types of mucin protein cores, known as MUCs, have been cloned. Soluble mucins that are secreted by the GCs have an integral role in stabilizing the precorneal tear layer. Decreased mucin production by the conjunctival GCs is well recognized to lead to sight-threatening corneal complications. GC loss is often observed in several blinding ocular surface diseases, including Sj ö gren ' s syndrome, StevensJohnson syndrome, ocular mucous membrane pemphigoid, and graft-vs.-host disease, 1,2 where lack of a stable tear film may lead to corneal ulceration and perforation. The number of GCs varies among various mucosal tissues in the body. GCs are normally found in the conjunctiva, but scarcely found in the lung and in the villous epithelium of the small intestine, where they are upregulated with disease processes, such as asthma. 3 -7 Similar to other mucosal tissues, the conjunctiva is covered with epithelium containing dendritic antigen-presenting cells (APCs) and a variety of intraepithelial lymphocyte (IEL) populations. These immune cells belong to the conjunctiva-associated lymphoid tissue, a component of the mucosal immune system. 8 -12 IEL subsets in the conjunctiva that have been identified to date include CD4 + , CD8 + , and + T cells and natural killer (NK) + cells. 13 NK cells are a type of cytotoxic lymphocytes that lack expression of the antigen receptors expressed by B and T cells (T-cell receptor (TCR)). They were first described for their ability to recognize and kill malignant cells. However, NK cells, along with other types of lymphocytes, are an important source of inflammatory cytokines, notably after encountering pathogens (viruses, bacteria, and protozoans). Natural killer T (NKT) cells are a minor subset of T lymphocytes that share cell-surface markers with conventional NK and T cells. They are identified by expression of TCR in addition to NK markers. NKT cells have been recently implicated in mucosal immunity and in a variety of inflammatory / autoimmune Homeostatic control of conjunctival mucosal goblet cells by NKT-derived IL-13 ARTICLES diseases, such as experimental murine and human ulcerative colitis, asthma, multiple sclerosis, and skin diseases (atopic dermatitis, psoriasis) 14 -16 (see review in ref. 17) .
NK and NKT cells are able to produce a myriad of cytokines, including interferon-(IFN-) and interleukin 13 (IL-13). IL-4 and IL-13, released by T helper (Th)-2 lymphocytes, have been reported to increase GC number and mucin expression in nonocular mucosa. 18 The importance of IL-13 in GC hyperplasia is supported by studies showing that direct stimulation of primary lung epithelial cells by IL-13 causes an increase in the population of GCs. 18, 19 In murine models of allergic asthma, mice repeatedly exposed to allergens or IL-13 develop GC hyperplasia of the airway epithelium. 3 -5 Although the effects of the IL-13 on GCs hyperplasia have been extensively studied in the gastrointestinal and respiratory tracts, its effect on regulating the density of filled GCs in the conjunctiva has not been explored. The purpose of this study was twofold: first, to identify the cellular source of IL-13 on the ocular surface and second, to evaluate the role of IL-13 in promoting conjunctival GC homeostasis.
RESULTS

NK (and NKT) cells are the major source of IL-13 in the ocular surface
NK and NKT cells have been implicated as major sources of different cytokines, such as IFN-and IL-13 in a variety of tissues. 6, 20 -22 IELs (CD8 + and + ) from small intestine and lungs have also been reported to produce IL-13. 23, 24 Because + are capable of producing IL-13, we separated cell populations from the normal murine ocular surface using immunobeads, and performed enzyme-linked immunosorbent spot (ELISPOT) for IL-13 using the isolated cells. Splenocytes were used as positive controls.
T cells were isolated from nonstressed ocular surface C57BL / 6, using a multistep procedure, where B cells and CD11b + cells were initially depleted (using a dual cocktail that contained both B220 and CD11b antibodies) followed by positive selection of remaining T cells from the + T cells. We observed that the majority of IL-13-producing cells were in the B220 / CD11b + populations ( Figure 1a ) .
Because NK cells can also express both CD11b and B220 surface markers (data not shown; see refs. 20, 21, and 25), the NK cell population was considered a good candidate to contain the IL-13-producing cells. NK cells can be identified by several markers, including NK1.1 and DX5 antibodies. The NK1.1 antibody identifies NK cells in selected mouse strains, such as C57BL, FVB / N, and NZB. 20, 21 The DX5 antibody targets the CD49b protein, 26 an -integrin subunit that makes up half of the 2 1 integrin duplex. The CD49b protein is found in both NK and NKT cells of all mouse strains, including the NK1.1-negative strains (129A, AKR, BALB / c, C3H / He, C57BR, C58, CBA, DBA / 1, DBA / 2, MRL / lpr, and SJL). Therefore, the DX5 antibody can be considered a pan-NK marker, because it has no strain restriction.
To test the hypothesis that NK cells could be the IL-13-producing cells, we then performed a positive NK isolation from splenocytes and from cells collected from the normal ocular surface, using the pan-NK antibody DX5. Two populations were isolated, NK-positive cells (NK-and NKT-enriched population) and NK-negative cells (non-NK cells, comprising T cells, epithelial cells, B cells, T cells, CD11b + cells, and so on). Isolated cell populations were subsequently subjected to ELISPOT for IL-13 or lysed for analyzing gene expression. Using this approach, we confirmed that the majority of IL-13-producing cells are located in the NK / NKT + population, in both spleen and ocular surface populations ( Figure 1b ) . Our results agree with McDermott et al. , 6 who have shown that NK-derived IL-13 mediates the GC hyperplasia that characterizes infection with the helminth Trichinella spiralis . The small intestine is another organ of the body where GCs can be found in the normal state, although at lower numbers than the conjunctiva, as opposed to the lungs where there is a paucity of GCs (see Supplementary  Figure S1 online).
Because of the paucity of cells isolated from the ocular surface, the efficiency of NK isolation was confirmed in splenocytes using flow cytometry and the NK1.1-specific antibody that reacts with the NK and NKT cells in the C57BL / 6 mouse strain ( Figure 1c ). At the same time, we measured the percentage of NKT cells among the isolated NK / NKT-positive cells by performing a dual-color flow cytometry staining with NK1.1 and TCR antibodies. Figure 1d demonstrates that NK + cells exhibited a 30-fold enrichment in the expression of NK1.1 over the unfractionated spleen population ( Figure 1c ) and approximately half of the selected NK + cells expressed TCR ( Figure 1e ), therefore characterizing NKT + cells. We also confirmed higher expression of CD49b mRNA in the NK + population when compared with the NK − cells using real-time PCR (data not shown). These results confirmed that the pan-NK microbead magnetic isolation method provides an excellent enrichment for both NK and NKT in the NK + population.
During the isolation of cells from the ocular surface, epithelial cells are mixed with T cells. To address the possibility that epithelial cell contaminants in the NK / NKT + population could be producing IL-13, we performed a magnetic depletion of all bone marrow-derived cells from the pool of cells collected from the ocular surface in nonstressed C57BL / 6 mice, using an antibody that targets CD45 (bone marrow-derived cell marker). Our results show that CD45 + cells produce twice as much IL-13 as CD45 − cells ( Figure 1f ) .
After identifying the NK / NKT cell population as the IL-13 producers in normal murine conjunctiva, we evaluated the phenotype of the NK + and NK − cell populations ( Figure 2 ). NK and NKT cells are capable of producing either IL-13 or IFN-cytokines. Using splenocytes as calibrators, we observed that the ocular mucosal NK + and NK − cells exhibited significantly higher levels of IL-13, IL-17A, IL-17F, and IL-22 mRNA transcripts than normal, nonstimulated NK + splenocytes. On the other hand, IL-21 levels were significantly elevated in NK − cells from spleen, compared with the NK − cells from the ocular surface.
Nonstressed ocular surface NK + cells expressed significantly higher IL-13 and lower IL-17A and IL-22 mRNA than NK − cells ( P < 0.001 for all of them). The levels of IL-21, IL-17F, and IL-4 mRNA transcripts were not different between ocular NK + and NK − cells. These results suggest that conjunctival NK + cells are very unique when compared with NK cells in lymphoid tissues, such as the spleen. They also point out that NK + cells produce a different profile of cytokines than the NK − cells.
Effects of desiccating stress (DS) on NK population
We then evaluated the effects of DS on the number of filled GCs and NK populations on the ocular surface. The DS is achieved by subjecting mice to a cholinergic blockade and by placing them in a low-humidity drafty environment chamber, as previously described. 27 -29 Cholinergic blockade of the lacrimal gland secretion is achieved by subjecting mice to subcutaneous injection of scopolamine q.i.d. (0800, 1200, 1400, and 1700 hours), for 5 or 10 consecutive days (DS5 or DS10, respectively). Mice were then placed in a cage with a perforated plastic screen on one side to allow airflow from a fan placed 6 inches in front of it for 16 h / day. Room humidity was maintained at 30 -35 % . Control mice were maintained in a nonstressed environment containing 50 -75 % relative humidity without exposure to forced air.
Our DS model has been well documented to induce a dry-eye phenotype in mice, 27 -29 with features similar to humans, including corneal barrier disruption and a decrease in the number of periodic acid Schiff (PAS) filled conjunctival GCs. This model of dry-eye disease has been used previously with no discernible ill effects from the pharmacological inhibition of tear secretion with scopolamine. 30 We also noted that treatment with scopolamine alone without DS was not sufficient to decrease the number of filled GCs. 31 One of the features of this model is a progressive decrease in the number of filled PAS + GCs, which is most pronounced after 10 days of desiccation (DS10, Figure 3a ). As MUC5AC is one of the mucins produced by GCs, we evaluated MUC5AC expression in whole conjunctiva of mice subjected to DS, at the transcription and protein levels. Although there was no change in the number of MUC5AC mRNA transcripts ( Figure 3b ), we observed a significant decrease in MUC5AC protein levels after 5 and 10 days of DS ( Figure 3c ).
Using flow cytometry analysis of total cells isolated and pooled from the ocular surface of five mice, we observed a significant decrease in the NK / NKT + lymphocyte population of mice subjected to DS for 5 or 10 days compared with nonstressed control mice ( Figure 3d and e ). This numerical decrease in NK / NKT + cells paralleled the decrease in filled GCs ( Figure 3a ) .
Because DS for 5 and 10 days caused a numerical decrease in both filled GCs and NK / NKT cells, we evaluated gene expression in NK + and NK − cells at these time points ( Figure 2 ). Our results demonstrated that NK + cells, after desiccation for 5 and 10 days, had significant lower levels of IL-13 transcripts than nonstressed NK + cells ( P < 0.001 for both days of treatment). There was also a significant decrease in IL-13 mRNA levels in the NK − population after DS. DS had no effect on mRNA levels of IL-4, another Th-2-related cytokine. These results indicate that there was an overall decrease in GC-supporting IL-13 in response to DS from both cell populations, but this decrease was more pronounced in the NK + cell population.
We have previously noted that DS induces an increase in IFNprotein in tears and mRNA in conjunctiva of C57BL / 6 mice, 32 
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findings that were confirmed in conjunctival cells of human patients with dry eye. 33 We have also observed that there is a concomitant increase in IL-17A. 33 To further investigate the effects of DS on NK cytokine profile, we studied the expression of Th-1 and Th-17 cytokines, IFN-, IL-17A, IL-17F, and IL-22 in NK + and NK − cell populations ( Figure 2 ). DS induced a significant decrease in IL-17A expression at both 5 and 10 days in NK + cells ( P < 0.001 for both). IL-22 expression in NK + cells significantly increased after 5 days of desiccation, but significantly decreased at the later time point. In contrast, NK − cells had significantly higher levels of IFN-, IL-17A, and IL-22 mRNA transcripts compared with nonstressed NK − cells ( P < 0.001). It is interesting to note that IL-17A peaked earlier (5 days) than IFN-(10 days) in non-NK cells. IL-17F expression decreased in both populations with DS, with the greatest decrease in the NK + population. There was no change in IL-21 mRNA transcript levels with DS in either population. These results indicate that although NK + cells are capable of producing IL-17A and IFN-, non-NK (NK − ) cells, including CD4 + T cells, appear to be the main producers of these cytokines after 
desiccation. In support of these findings, we previously observed that DS induces a significant CD4 + T-cell infiltration in the ocular surface. 32, 33 Modulation of NK and GC populations by topical cyclosporine A (CsA) treatment CsA 0.01 % emulsion is the only Food and Drug Administration (FDA)-approved drug to treat dry-eye disease. One striking consequence of CsA treatment on dry eye is a significant increase in conjunctival GC numbers. 34 We have previously shown that IFN-has a major role in inducing conjunctival metaplasia and decreasing the number of filled GCs, as IFN-knockout (KO) mice were resistant to desiccating-induced phenotype changes. 32 Because treatment with CsA for 5 days was sufficient to elicit a significant increase in the number of PAS + cells in our model (see refs. 35 and 36, and Figure 3a ) , we evaluated the effects on CsA treatment on the number and phenotype of NK cells at 5 days.
Using flow cytometry to measure NK cells obtained from the ocular surface of mice after DS and treatment with CsA or its vehicle, we observed that CsA topical treatment retains NK + ARTICLES cells in the ocular surface, and that this effect was significantly higher than its vehicle ( Figure 3c and d ) .
We then asked if CsA was capable of modulating the phenotype of NK + and NK − cells. To answer this question, we evaluated T-cell-related cytokines in isolated populations of NK + and NK − cells after treatment with either CsA or its vehicle. Figure  3e shows gene expression of NK + and NK − cells isolated using magnetic beads with the results presented as percentage change of CsA vs. vehicle. CsA treatment significantly increased the expression of IL-13 in NK + cells, whereas it decreased the expression of IFN-, IL-17A, IL-17F, and IL-21 in both NK + and NK − cell populations. It is worth noting that the greatest effect of CsA on IFN-expression was on NK + cells, whereas for IL-17A the effect was greater in NK − cells.
These results show that CsA is capable of not just maintaining the normal density of NK / NKT + cells on the ocular surface, but also of maintaining the cytokine phenotype of these cells in a nonstressed state. It is worth noting that CsA treatment modulated the expression of cytokines, such as IL-17A, in non-NK cells.
IL-13 promotes GC differentiation in the conjunctiva
We then proceeded to evaluate the role of IL-13 on conjunctival GC homeostasis. IL-13 operates through a receptor that is a heterodimer of IL-4 receptor (IL-4R ) and IL-13R 1, with IL-4 and IL-13 both using IL-4R chain for signal transduction. 18 Both of IL-4 and IL-13 cytokines use Janus kinases to initiate signaling and activate signal transducer and activator of transcription-6 (STAT6), which is a transcription factor required for many of their biological functions. 37 STAT6 is also a transcription factor regulating expression of IL-13 and IL-4, and lack of STAT6 results in blockade of Th-2 development. 38 STAT6 − / − mice fail to generate IgE and a Th-2 cytokine response and consequently they fail to develop airway inflammation, airway hyperresponsiveness, or GC hyperplasia during soluble ovalbumin-induced allergic airway disease. 39, 40 First, we investigated the presence of IL-13 and IL-13R 1 in the conjunctiva of nonstressed C57BL / 6. Immunostaining for IL-13 was localized to the basal conjunctival epithelium primarily in the area where GCs are located and to some cells present in the stroma ( Figure 4a ). IL-13R 1 immunoreactivity was present in the conjunctival epithelium, with very rare cells in the underlying stroma ( Figure 4b ). The secondary antibody alone control reaction yielded no color development ( Figure 4c ). The ELISPOT experiments in Figure 1f indicate that epithelial cells are not the major producers of IL-13. It is possible that the immuno staining may detect IL-13 bound to IL-13R 1-positive epithelial cells rather than to IL-13 produced by these cells. Alternatively, it could be binding to mucin in the GCs. The effects of DS on IL-13R expression will be described in a separate manuscript (De Paiva et al ., in preparation).
We then evaluated gene expression in whole conjunctiva. Levels of IL-13 mRNA in the conjunctiva decreased with DS, whereas there was an increase in IFN-mRNA transcripts ( Figure 4d ), resulting in a marked fivefold decrease in IL-13 / IFN-ratio ( Figure 4e ). This may indicate that the balance of IL-13 and IFN-, rather than the concentrations of either cytokine alone, may reflect the type of T-helper response after DS.
Next, we evaluated the direct effects of IL-13 on the number of filled conjunctival GCs using several approaches. The first was to evaluate if daily exogenous administration of IL-13 during DS would prevent the decrease in GC numbers. As noted in Figure 4f , daily subconjunctival injections of IL-13 for 4 days concomitant with DS significantly increased filled GC numbers compared with vehicle control.
Our subsequent step was to evaluate GCs in IL-13KO in nonstressed and stressed conditions. In previously reported studies, IL-13KO mice failed to induce GC hyperplasia in the intestine after nematode infection, in contrast to wild-type mice. 6 Our IL-13KO mice have a C57BL / 6 background and they were compared with this strain ( Figure 4g ). At baseline, IL-13KO mice had a significantly lower number of filled GCs than their wild-type counterparts, and after DS for 5 days, they exhibited a further significant 20 % decrease in filled GCs.
We further investigated the role of IL-13 in supporting GCs by evaluating STAT6KO mice. Because STAT6KO mice have a Balb / c background, they were compared with this strain. Balb / c mice are a Th-2-prone mouse strain, and we have previously found that they are resistant to acute, DS-induced corneal barrier disruption and reduction in the number of filled GCs after 5 days of DS. 41 At baseline, nonstressed STAT6KO mice had a significantly lower number of filled GCs than nonstressed Balb / c, and it was in the same range observed in Balb / c mice subjected to DS for 10 days. DS for 5 days produced a further significant decrease in the number of filled GCs in the STAT6KO strain ( Figure 4h ).
Both IL-13 and STAT6KO mice manifest a reduced number of filled GCs at baseline, and after DS, there is a further decrease in the number of these cells. Although lower than the control, they still have some GCs. This indicates that other growth factors / cytokines may also be involved in GC homeostasis.
Collectively, these results indicate that the normal murine conjunctiva has a Th-2 tone that changes to a Th-1 in response to experimental DS. They also point to an essential role of IL-13 in regulating GC differentiation and homeostasis in the conjunctival mucosa.
Effects of NK and NKT cell neutralization on conjunctival GC density
To confirm that indeed NK-derived IL-13 supports GCs, we performed in vivo depletion of NK and NKT cells using systemic administration of the NK1.1 antibody. This antibody has been shown to both neutralize and deplete NK and NKT cells in a variety of systems and it is routinely used for these purposes. 42 -46 To create a mouse chronically depleted of NK and NKT cells, we performed weekly intraperitoneal injections of either NK1.1 antibody or the isotype control antibody in young C57BL / 6 mice from 3 to 8 weeks of age (modified from a technique described by Koo et al. 46 ). Mice received their first intraperitoneal injection at 21 days of age, as soon as they were weaned. At 8 weeks, a subset of NK1.1 antibody-treated mice was also subjected to DS ARTICLES for 5 days and the results compared with isotype-treated mice. Both groups of mice received a total of six injections. Depletion of NK1.1 + cells was confirmed using flow cytometry at the end of the experiment (data not shown). Our results are summarized in Figure 4i . Depletion of NK and NKT cells significantly decreased the number of filled GCs in nonstressed mice and in mice subjected to DS for 5 days, compared with the isotype control group ( P = 0.0003 and P = 0.04, respectively). These results indicate that NK-and NKT-derived IL-13 is critical for the filling of GCs in normal and under stress situations.
To investigate the individual contributions of NK and NKT cells to the homeostatic control of conjunctival GCs, we then evaluated GC density in RAG1KO mice, which have normal NK cells, but lack NKT and T cells. Evaluation of GCs in nonstressed RAG1KO mice demonstrated that they have a significantly lower number of filled GCs compared with control C57BL / 6 mice ( Figure 4j ). RAG1KO mice lack T cells, and therefore, we did not evaluate these mice under DS. We have previously shown that CD4 + T cells have an important role in the pathogenesis of the disease. 27 Using a similar approach, we evaluated the density of filled GCs in a NKT cell-deficient strain (CD1dKO mice in a Balb / c background). CD1dKO mice showed a decreased number of filled GCs in their nonstressed baseline when compared with 
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wild-type control mice, but no change was noted after DS for 5 days ( Figure 4k ). Furthermore, chronic depletion of NK cells in the NKT-deficient CD1dKO strain did not change the number of PAS + GCs ( Figure 4k ). Our findings of a reduced number of filled GCs in RAG1KO and CD1dKO mouse strains clearly points to a physiological role for NKT, but not NK, cells in maintaining conjunctival GCs.
DISCUSSION
Our findings indicate that innate NK and NKT cells are a major source of IL-13 in the conjunctival mucosa. IL-13 produced by these cells was found to have an essential role in homeostatic maintenance of conjunctival GCs. Furthermore, IL-13 also appeared to prevent the decrease in the number of filled conjunctival GCs in response to experimental DS. These findings demonstrate for the first time the dynamic interaction between IELs and maintenance of conjunctival GCs. Similar to other mucosal tissues, IL-13 was observed to promote GC differentiation in the conjunctiva.
Conjunctival NK and NKT cells were found to be high expressors of IL-13, with significantly greater IL13 mRNA transcripts in ocular NK + than the NK + cells isolated from the spleen. The ocular surface environment may have unique features that promote higher IL-13 production by these cells.
Normal conjunctival mucosa has a higher number of PAS + GCs than other mucosal sites, such as lung and intestine. GC hyperplasia in these two tissues is often the result of inflammatory disease states, such as asthma, cystic fibrosis, chronic obstructive pulmonary disease, or helmintic infections. 3 -7 Th-2 immune inflammation, with increased production of IL-4, IL-13, and IL-5 cytokines, is a common feature of all of these diseases. Mucus hypersecretion in asthma is a deleterious consequence that carries a high mortality risk. Both NK and NKT cells can be found in the lung, but neither makes up more than a few percentage of total leukocytes. 47, 48 Human studies indicate that NKT cells might not even be present at all. 49 The literature to date on NKT cells and asthma is highly controversial, with studies reporting contradictory results. 50 -53 In contrast, NKT cells have been shown to be necessary for maximal expression of allergic conjunctivitis. 54 Taken together, these findings indicate a homeostatic role for the resident ocular NK and NKT cells to maintain adequate population of GCs through production of IL-13 and maintenance of GCs. This is logical because excessive mucus production in the airway is bad, representing a disease state, whereas the ocular surface relies on GC secretions for maintaining tear stability, corneal protection, and a smooth optically clear cornea in normal circumstances. Therefore, constitutive expression of IL-13 cytokine may be required for homeostatic control of GCs and health of ocular surface.
IL-13 can have a profibrotic effect, and it has been implicated in airway remodeling and liver granuloma formation after Schistosoma infection. 55 IL-13-mediated fibrosis results from increased extracellular matrix production by IL-13R-bearing fibroblasts. We found IL-13R 1 to be present primarily in the conjunctival epithelium, with sparse positive cells in the stroma of the normal conjunctiva. In pathological conditions where IL-13 has been implicated in stromal fibrosis, CD4 + T-cell infiltration has been noted. For example, IL-13 has been reported to have a role in ocular mucous membrane pemphigoid where it was found to stimulate collagen lattice contraction and migration of human conjunctival fibroblasts. 56 After DS, we observed a decrease in the number of mucinfilled conjunctival GCs. Our results showed that exogenous administration of IL-13 prevented the decrease of GCs in response to DS. The concept that IL-13 is implicated in GC homeostasis is therefore not entirely surprising; however, the function of IL-13 on conjunctival GC maintenance has not been fully investigated. IL-13 has been extensively reported to promote GC hyperplasia in experimental models of asthma. One study showed that the airway epithelia of IL-4 and IL-13 transgenic mice demonstrated GC metaplasia and intratracheal instillations of IL-4-and IL-13-induced expression of the MUC5AC gene (the major secretory mucin produced by GCs) and GC metaplasia. 57 -59 Ocular GC hyperplasia has been noted in patients with atopic keratoconjunctivitis, another Th-2, allergic disease. 60 Interestingly, the MRL / MpJ-Fas lpr mouse, which has been used as a model of Sj ö gren ' s syndrome, develops an increase in GC numbers and T-cell infiltration in the conjunctiva with aging. 61 This mouse strain has been shown to be Th-2 biased. 62, 63 We observed a significant decrease in IL-13 / IFN-ratio in the conjunctiva after DS, which was accompanied by reduced number of filled GCs. The inverse holds true: an increased Th-2 / Th-1 ratio was accompanied by GC hyperplasia in an experimental model of asthma. 64 This interplay between IL-13 and IFN-has been previously described. In lungs, exogenous administration of IFN-was noted to antagonize the GC hyperplasia induced by IL-13. 65 Adoptive transfer of T-helper 1 cells also suppressed GC hyperplasia in asthmatic mice. 66 In cultured labial salivary gland biopsies obtained from patients with Sj ö gren ' s syndrome, a Th-1-biased disease, 67 the concentration of IFN-, but not IL-13, was associated with greater lymphocytic infiltration. 68 We have previously shown that dry eye elicits a mix of Th-1 and Th-17 response, in humans and in our animal model. 32, 33 In the latter, we showed that IFN-KO mice are resistant to DS-induced GC decrease; however, reconstitution of these mice with subconjunctival injections of IFN-promoted conjunctival squamous metaplasia. 32 Presenting immune data in the context of an IL-4 / IFN-ratio (or IL-13 / IFN-ratio) is an exceptionally powerful way of revealing the contribution of the immune response in immune-mediated diseases. This form of representation is powerful because much of immunity is indeed dichotomous: the outcome of the inflammation is based largely on the outcome of two competing arms of the immune system (often, Th-1 and Th-2 responses).
CsA is an immunosuppressant drug widely used systemically to increase survival of allogeneic organ transplants. It is also available as a topical emulsion to treat dry eye. CsA, which has been noted to increase the number of filled GCs in human dry eye, was also found to increase the number of NK / NKT and to increase GCs in the mouse conjunctiva. Our results show that it also increased IL-13 in NK + cells and decreased IFN-
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and IL-17A mRNA in both NK + and NK − populations. CsA has been show to inhibit the production of IFN-and IL-17A in human patients with psoriasis, Vogt -Koyanagi -Harada syndrome, Bechet ' s disease, and rheumatoid arthritis. 69 -72 The beneficial effects of CsA on the GC numbers can be attributed to three different mechanisms that are concomitantly in place: first, preservation of NK / NKT + cells on the ocular surface; second, increased production of IL-13 by the NK / NKT + cell population; and third, decreasing the production of IFN-by NK + and NK − cells. Collectively, CsA increases the IL-13 / IFN-ratio in the conjunctiva, therefore, preserving the homeostasis (IL-13) and preventing pathology (IFN-) .
Loss or decrease in filled GCs is a universal feature of dry eye, and in severe ocular surface diseases, including Sj ö gren ' s syndrome, Stevens -Johnson syndrome, ocular mucous membrane pemphigoid, and graft-vs.-host disease, total GC loss may be observed. 1,2 Retaining IL-13-producing NK cells in the conjunctiva may be a beneficial strategy in the treatment of ocular surface diseases associated with GC loss.
Our results demonstrate for the first time the dynamic interaction between innate resident NK / NKT cells and GCs in the conjunctival mucosa. This may be one reason why it has been so difficult to promote GC differentiation in vitro , because conjunctival epithelial cultures normally lack the environment provided by these IELs. Understanding the supportive and protective function of the resident IEL population may help us to design better treatment strategies to protect against GC loss in response to DS.
METHODS
Mice . This research protocol was approved by the Baylor College of Medicine Center for Comparative Medicine, and it conformed to the standards in the ARVO (Association for Research in Vision and Ophthalmology) Statement for the Use of Animals in Ophthalmic and Vision Research. C57BL / 6 and Balb / c mice of both genders, 6 -8 weeks old, were purchased from the Jackson Laboratory (Bar Harbor, ME). RAG1KO, STAT6KO, and CD1dKO mice were purchased from the Jackson Laboratory for establishing breeding colonies in our facility.
A breeder pair of IL-13KO (in C57BL / 6 background) was kindly provided by Thomas A. Wynn (Laboratory of Parasitic Diseases, NIH, Bethesda, MD) for establishing a breeding colony in our facility. All experiments were performed in C57BL / 6 mice, unless otherwise noted.
Isolation of ocular surface murine cells . The eyes and lids of C57BL / 6 mice were excised, pooled, and incubated in 10 ml of 5 mg ml -1 of Dispase II (Roche Molecular Biochemicals, Indianapolis, IN) in a shaker at 37 ° C for 1 h, followed by neutralization with Hank ' s balanced salt solution (Invitrogen-Gibco, Grand Island, NY) supplemented with 3 % fetal bovine serum (Hyclone, Logan, UT). The mucosal side of the bulbar and tarsal conjunctivae and the peripheral cornea were then scraped with cytology brushes under a dissecting microscope to dislodge cells. Spleens from the same animals were surgically excised, smashed between two sterile frosted glass slides, and made into a single-cell suspension. Cell populations were individually collected, centrifuged at 2,000 r.p.m. for 5 min, filtered, and resuspended. Cells collected by this technique were used either for cell separation using immunobeads or processed for flow cytometry. For each experiment, cells collected and pooled from 15 to 30 animals per group were used. Cell enrichment using magnetic beads . + T cells from ocular surface tissues and spleens were isolated using a magnetic bead isolation (MACS system; Miltenyi Biotec, Auburn, CA), which utilizes a multiple step method consisting of initial depletion of B cells and CD11b + cells, followed by separation of T cells from + cells by positive selection of T cells, according to the manufacturer ' s instructions. The initial depletion of B cells and CD11b is achieved by a cocktail of magneticconjugated B220 (B-cell marker) and CD11b antibodies.
NK + and CD45 + cells from ocular surface tissues and spleens were isolated using a one-step procedure (NK by positive selection and CD45 by depletion, respectively), using magnetic microbeads directly conjugated to DX5 and CD45 monoclonal antibodies, respectively (MACS system; Miltenyi Biotec) according to the manufacturer ' s instructions. Positive and negative cell populations were used for flow cytometry, ELISPOT, or gene expression analysis. The cell extracts, pooled from two mice ( n = 3 per condition), were sonicated and centrifuged at 14,000 r.p.m. and the supernatants were used for experiments. The total protein concentrations were measured by a Micro BCA protein assay kit (Pierce, Rockford, IL) using a microplate instrument (Tecan infinite M200; Tecan Systems, San Jose, CA) equipped with Magellan V6.55 software according to the manual instructions.
The MUC5AC concentration in whole conjunctiva samples was assayed with an enzyme-linked immunosorbent assay kit for Mouse Mucin 5 Subtype AC (Uscn Life Science, Wuhan, China), according to the manufacturer ' s protocol. Replicate 10 l per time point samples were added to 96-well plate precoated with anti-mouse MUC5AC polyclonal antibody. Wells containing supernatants, standards, or phosphate-buffered saline + 0.1 % bovine serum albumin (BSA) alone (negative control) were incubated overnight at 4 ° C. After washing, the plate was incubated with avidin-horseradish peroxidase for 1 h at 37 ° C, followed by color development by adding 3,3 ′ ,5,5 ′ -tetramethybezidine substrate. The enzyme -substrate reaction was terminated by the addition of a sulfuric acid solution and the color change was measured spectrophotometrically at a wavelength of 450 nm. The concentration of MUC5AC in the samples was then determined by comparing the optical density of the samples with the standard curve using a microplate instrument (Tecan infinite M200) equipped with Magellan V6.55 software. Replicate wells were averaged and samples were normalized by total protein concentration. Results are presented as ng MUC5AC per ng total protein.
ARTICLES
Flow cytometry analysis of murine cells . Single-cell suspensions of cornea and conjunctiva, either before or after NK isolation, were stained with anti-CD16 / 32 (to block Fc receptors; BD Pharmingen, San Diego, CA), followed by cell-surface staining with fluorescein isothiocyanateanti-pan NK (CD49b, clone DX5; BD Pharmingen), APC-anti-TCR (Abcam, Cambridge, MA), and phycoerythrin-anti NK1.1 (clone PK136; Biolegend, San Diego, CA). Positive controls consisted of splenocytes processed at the same time under the same protocol. Negative controls consisted of cells stained with fluorescein isothiocyanate, phycoerythrin, or APC-isotype antibodies (BD Pharmingen). Cells were resuspended in violet dye (live / dead cell fixable staining, Invitrogen-Molecular Probes, Carlsbad, CA) and washed. Cells were then resuspended in fixation -permeabilization solution (Cytofix / Cytoperm; BD Pharmingen) and stored at 4 ° C until the next day when the analysis was performed. A BD LSRII Benchtop cytometer was used for flow cytometry and data were analyzed using BD Diva Software (BD Pharmingen).
Murine DS model . DS was induced by subcutaneous injection of scopolamine hydrobromide (0.5 mg per 0.2 ml; Sigma-Aldrich, St Louis, MO), q.i.d. (0800, 1200, 1400, and 1700 hours), as previously described, for 5 or 10 consecutive days (DS5 or DS10, respectively) in C57BL / 6 (DS5 and DS10), IL-13KO, STAT6KO, and CD1dKO mice (both DS5). 27 -29 Mice were placed in a cage with a perforated plastic screen on one side to allow airflow from a fan placed 6 inches in front of it for 16 h per day. Room humidity was maintained at 30 -35 % . Control mice were maintained in a nonstressed environment containing 50 -75 % relative humidity without exposure to forced air.
Exogenous administration of CsA . CsA has been shown to increase conjunctival GC density in humans and mice. 34 -36 To evaluate the effects of CsA in the NK population, DS was induced in three groups of C57BL / 6 mice: DS5 control group received no topical therapy, a second group received 1 l of 0.05 % cyclosporine ophthalmic emulsion q.i. Exogenous administration of IL-13 . To evaluate if IL-13 could rescue DS-induced GC loss, C57BL / 6 mice were divided into three treatment groups: (i) DS5 control subjects, which received no ocular injections; (ii) vehicle control animals, which received bilateral subconjunctival injections (20 l per eye) of 0.1 % BSA in phosphate-buffered saline (DS5 + BSA); (iii) DS5 + IL-13 mice, which received daily bilateral subconjunctival injections of recombinant murine IL-13 (20 ng per eye per injection, dissolved in 20 l of 0.1 % BSA in phosphate-buffered saline (R & D Systems) for 4 days. Additional control groups included nonstressed mice (no injections, no dry eye) and nonstressed mice that received bilateral injections of IL-13 or BSA (nonstressed + BSA or nonstressed + IL-13), as described. All mice were killed at DS5. Each experimental group / strain consisted of three different animals.
In vivo depletion of NK + cells . In vivo depletion of NK + cells was performed weekly by intraperitoneal injection of 100 ng of mouse anti-NK antibody (NK1.1, clone PK136, Biolegend) 42 -46 to nonstressed C57BL / 6 mice or CD1dKO, from 3 to 8 weeks of age. A separate group of C57BL / 6 mice that received anti-NK treatment was also subjected to DS for 5 days at the age of 8 weeks. Controls consisted of litter mates that received isotype control antibody injection (mouse IgG; Sigma-Aldrich) for the same duration. Each experimental group / strain consisted of three different animals.
RNA isolation and real-time PCR . Total RNA, enriched for mRNA, was isolated from cells remaining after separation with immunobeads, lysed by a guanidine-isothiocyanate-containing lysis buffer, followed by selective binding of RNA to the RNeasy MinElute (Qiagen, Valencia, CA) silica-gel-based membrane. Total RNA from the cornea and conjunctiva collected and pooled from nonstressed, DS5, and DS10 (one sample consisted of four pooled mice per time point for each experiment, in four experiments) was extracted using an acid guanidium thiocyanate -phenol -chloroform method as previously described. 28 Samples were treated with DNAse to prevent genomic DNA contamination according to the manufacturer ' s instructions (Qiagen).
The RNA concentration was measured by its absorption at 260 nm and samples were stored at − 80 ° C until use. First-strand complementary DNA was synthesized with random hexamers by M-MuLV reverse transcription (Ready-To-Go You-Prime First-Strand Beads; GE Healthcare, Arlington Heights, NJ), as previously described. 28 Realtime PCR was performed with specific MGB probes (Taqman; Applied Biosystems (ABI), Foster City, CA) and PCR master mix (Taqman Gene Expression Master Mix), in a commercial thermocycling system (Mx3005P QPCR System; Stratagene, La Jolla, CA), according to the manufacturer ' s recommendations. Murine MGB probes were glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Mm99999915_ m1), IL-17A (Mm00439619_m1), IFN-(Mm00801778_m1), IL-13 (Mm00434165_m1), CD49b (Mm00434371_m1), IL-4 (Mm00445259_ m1), IL-17F (Mm00517640_m1), IL-21 (Mm00444241_m1), IL-22 (Mm00521423_m1), and MUC5AC (Mm01276720_m1). The GAPDH gene was used as an endogenous reference for each reaction. The results of quantitative PCR were analyzed by the comparative C T method where target change = 2 − CT . The results were normalized by the C T value of GAPDH. In the DS model, the mean C T of relative mRNA level in the nonstressed control group was used as the calibrator . In the cell separation experiments, the mean C T of relative mRNA level in NK + cell population from spleen was used as the calibrator.
Histology and PAS staining . GC density was evaluated in C57BL / 6 with and without DS ( n = 8), C57BL / 6 after receiving subconjunctival injections of IL-13 ( n = 3) or vehicle control ( n = 3), C57BL / 6 with topical treatment with CsA or its vehicle ( n = 3 for each), C57BL / 6 or CD1dKO that received in vivo depletion with NK antibody ( n = 6, and n = 3, respectively) or treatment with isotype control ( n = 6, and n = 3, respectively), STAT6KO ( n = 5), Balb / c ( n = 5), IL-13KO ( n = 5), RAG1KO ( n = 5), and CD1dKO mice ( n = 8).
Lungs, small intestine, eyes, and ocular adnexa were surgically excised, fixed in 10 % formalin, paraffin embedded, and 8 m sections were cut. Ocular sections were cut at the center of the eye, where the lens has its maximum diameter. Sections were stained with PAS reagent for measuring GC density and were examined and photographed with a microscope equipped with a digital camera (Eclipse E400 with a DS-Fi1; Nikon, Mclville, NY). The number of GCs in the superior and inferior conjunctiva was measured in three sections from each eye that were 300 m apart from each other, using image-analysis software (NIS Elements Software, version 3.0, BR, Nikon) and expressed as the number of GCs per mm.
Immunohistochemistry . Immunohistochemistry was performed to detect IL-13 and IL-13R 1 in the cornea and conjunctival epithelium of nonstressed C57BL / 6 mice.
The eyes and adnexa of mice ( n = 5) were excised, embedded in optimal cutting temperature (OCT compound; VWR, Suwanee, GA), and flash frozen in liquid nitrogen. Sagittal 8-m sections were cut with a cryostat (HM 500; Micron, Waldorf, Germany) and placed on glass slides that were stored at − 80 ° C.
Cryosections were stained with primary rabbit anti-IL-13 (ABD Serotec, Raleigh, NC) and IL-13R 1 antibodies (Santa Cruz, Santa Cruz, CA) and goat anti-rabbit biotinylated secondary antibody (BD Pharmingen) and a Vectastain Elite ABC kit using NovaRed reagents (Vector) as previously described. 28 Secondary antibody alone and appropriate isotype (BD Biosciences) controls were also performed. Three sections from each animal were examined and photographed with a microscope equipped with a digital camera (Eclipse E400 with a DS-Fi1; Nikon).
Statistical analysis . The normality of data was checked with the Kolmogorov -Smirnov test using the Dallal and Wilkinson approximation. Kruskall -Wallis test (multiple comparison test) was used to determine overall statistical significance followed by a two-tailed t -test for individual differences in treatment groups, using P ഛ 0.05 as statistically significant. Two-way analysis of variance with Bonferoni post hoc testing was used for statistical comparisons of gene expression profiles in NK-positive and NK-negative cell populations. These tests were performed using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA).
